A clinical decision support tool (CDST) has been validated for predicting treatment effectiveness of vedolizumab (VDZ) in Crohn's disease.
| INTRODUC TI ON
In the GEMINI 2 pivotal phase 3 clinical trial of vedolizumab (VDZ) for Crohn's disease (CD), approximately one-third of patients with active CD achieved corticosteroid-free remission at week 52. 1 Similar results were recently reported in a meta-analysis of observational studies with an estimated 1 year corticosteroid-free remission rate of 31% (95% confidence interval [CI] 20-45%). 2, 3 These data underscore that while a substantial proportion of treatment-resistant patients respond to VDZ therapy, the majority do not. Although this circumstance is likely multifactorial, variability in VDZ pharmacokinetics (PK) is a potential explanation in some patients. Specifically, high drug clearance resulting in inadequate drug exposure may be responsible for suboptimal results in some.
Multiple studies in patients with active CD have shown a correlation between VDZ exposure and response, and higher clinical and endoscopic remission rates when stratified by drug exposure. [4] [5] [6] [7] [8] [9] [10] These findings hold out the possibility that dose intensification in patients with low VDZ trough concentrations during induction may result in higher remission rates. In support of this notion, observational data suggest that empiric administration of an additional drug dose in patients with suboptimal response to induction may improve outcomes. 11 It is also relevant to note that a perception exists that VDZ induction therapy has a slower onset of action and is generally less effective in CD than in ulcerative colitis (UC). Notwithstanding that prior exposure to a TNF antagonist has been consistently associated with low response and remission rates, 12 no single clinical factor accurately predicts which patients will respond quickly to VDZ therapy or will benefit from therapeutic drug monitoring and/or dose intensification. Accurate identification of these patients could allow a personalised medicine approach to induction therapy and greater treatment efficiency.
The VICTORY consortium investigators previously developed and validated a clinical decision support tool (CDST) that classifies CD patients according to low, intermediate and high probability of response to VDZ. 13 In the current analysis, we used the GEMINI 2 clinical trial data (NCT00783692) to assess whether these differences were related to differences in measured VDZ concentrations (exposure-efficacy) and whether the CDST predicts differences in rapidity of onset of action. We subsequently performed a second external validation of the CDST based on data from a prospective cohort study (GETAID) and then, using data from both the GETAID and VICTORY cohorts, assessed whether the CDST accurately identified patients who might benefit from dose intensification. Finally, we evaluated whether the CDST estimated the likelihood of surgery for CD while on VDZ, which is of importance when determining the incremental value of aggressive treatment-monitoring approaches.
| ME THODS

| Data Sources and Participants
Methodology for the development and validation of our CDST has been published previously. 13 In the current study, individual participant data from the phase 3 VDZ in CD trial (GEMINI 2) were used in combination with observational cohort data from the VICTORY consortium and GETAID collaboration. 14, 15 A treat-straight-through cohort was created from the GEMINI 2 clinical trial programs to mimic an observational cohort design. Patients from VICTORY and GETAID were included if they had started VDZ therapy for clinically or endoscopically active CD, had a follow-up clinical or endoscopic assessment of disease activity after VDZ initiation, and had baseline data available to calculate the CDST.
| Clinical decision support tool
The CDST is calculated using the following five variables:
1. No prior bowel surgery (+2 points).
2.
No prior TNF-antagonist therapy (+3 points).
3.
No prior fistulising disease (+2 points). Patients with a score of 13 points or less are classified as low probability, >13 to 19 points as intermediate probability and >19 points as high probability. 13 
| Outcomes
Our main objectives were to determine whether the previously created and validated CDST predicted measured VDZ concentrations (trough and peak) in the 52-week GEMINI 2 clinical trial and whether differences in measured drug exposure corresponded to differences in drug efficacy and rapidity of onset of action as assessed by reductions in Harvey-Bradshaw Index (HBI) over time (exposure-efficacy). The HBI was chosen given its widespread use internationally in routine practice, its availability in the GETAID cohort dataset, and its good correlation with the Crohn's Disease Activity Index. 16 Secondary objectives were to (a) externally validate the CDST in an independent multicentre cohort (GETAID collaboration) and (b) determine whether the CDST identified patients most likely to benefit from VDZ dose intensification for benefit from interval shortening and those most likely to require surgery while on active therapy. apparent lack of response. Finally, we assessed whether differences in predicted exposure-efficacy correlated with achievement of endoscopic remission and the likelihood of undergoing surgery for CD.
| VDZ Pharmacokinetics
VDZ concentrations were assessed in the GEMINI 2 trials using serum samples with a direct VDZ capture PK assay. A sandwich ELISA assay was used for quantifying VDZ in human serum. Serum concentrations of VDZ were determined in accordance with good laboratory practice. The lower limit of detection was 0.125 µg/mL. Time points for trough concentration assessments taken 30 minutes before VDZ infusions were weeks 0, 2, 6, 22 and 46. Additional concentration assessments were taken at weeks 4, 14, 38 and 52. Time points for peak concentration assessments taken 2 hours post-infusion were weeks 0, 2, 6, 22 and 46. Second, we re-validated the CDST in the GETAID cohort for predicting differences in week 14 remission rates between patients classified as low probability and intermediate-high probability. Intermediate-and high-probability patients were pooled in the GETAID cohort for comparison because of the low number of patients being classified as high probability (<10%) in this cohort. Week 14 was chosen for analysis because it is specified in US Food and Drug Administration (FDA) labelling as the most appropriate time for evaluation of the success of induction therapy. Furthermore, over 90% of the GETAID cohort had prior TNFantagonist exposure, and prior subgroup analyses of GEMINI have observed that these patients require at least 10 weeks of exposure to observe meaningful differences in remission rates compared to placebo. 17 Secondary analyses were performed comparing changes in HBI over time and rates of clinical remission and corticosteroid-free remission at weeks 6, 14, 22 and 30. Sensitivity analyses were done limiting the analyses to patients receiving Q8
| Statistical analysis
week VDZ maintenance, as European labelling allows for an additional dose to be given at week 10 in patients with a suboptimal induction response. Categorical data were compared using chisquare or Fisher's exact test.
We then assessed response to VDZ dose intensification in the GETAID cohort and VICTORY consortium according to the CDSTdefined baseline probability of response (low vs intermediate-high) to confirm whether the exposure-efficacy relationship observed could be modified by higher predicted drug exposure. The decision to dose escalate was made clinically by treating providers without consideration for CDST-defined probability of response as the providers were unaware of how the different variables were used to generate a score and how that CDST score might classify a patient's probability of response. Our a priori hypothesis was that the low-probability and possibly the intermediate-probability groups would most likely benefit from an extra infusion at week 10 or interval shortening to Q4 or Q6 weeks given that these patients would have lower drug exposure than the high-probability group. In the GETAID cohort, response to interval shortening was assessed using pre-and post-interval shortening HBI scores. In the VICTORY consortium, response was assessed using the physician global assessment, with a clinically meaningful response defined as a >50% reduction in symptom activity post-interval shortening.
Within-patient and within-group changes in HBI were assessed using repeated-measure analysis of variance with the group-time interaction function.
Finally, in our prior publication, we observed differences in week 26 endoscopic remission rates according to CDST strata.
Using data from the most recent VICTORY consortium cohort database, we assessed differences in 52-week cumulative rates of endoscopic remission (absence of ulcers) across probability groups among patients undergoing endoscopic follow-up, and whether these differences in endoscopic remission corresponded to differences in rates of surgery between the high-probability group and the intermediate-or low-probability groups (exposure-efficacy-complication relationship). This relationship was initially assessed by groupwise and pairwise log-rank analyses and univariable Cox proportional hazard analyses. Adjustment for hazard ratio (HR) estimates was then performed for the covariates known to influence risk of surgery that were not already included in the baseline prediction model, including disease duration >2 years, ileal disease location, age >60 years, prior CD-related hospitalisation and smoking status.
| Ethics compliance statement
VICTORY consortium and GETAID collaboration datasets were collected after ethics/IRB approval at all participating sites. GEMINI data were collected as part of the phase 3 clinical trial (NCT00783692) with corresponding ethics/IRB approval. All authors had access to the study data results and have reviewed and approved the final manuscript.
| RE SULTS
| Patient characteristics
The VICTORY consortium and GETAID populations had higher proportions of TNF-antagonist-exposed and female patients, and the participants were slightly older with longer disease duration at the time of VDZ treatment than subjects in the GEMINI 2 clinical trial (Table 1) . Importantly, of the 173 CD patients in the GETAID cohort, only 55 had all the necessary baseline variables for calculation of the CDST. However, the patients with complete data had characteristics similar to the excluded patients (P > 0.20 for all comparisons; Table 1 ).
| VDZ Exposure and Onset of Action
In the GEMINI 2 cohort, a significant linear trend was observed for measured VDZ concentrations when stratified by the CDST (Figure 1 , Table S1 ). This observation was significant through
week 52 of the study and was associated with significant differences in rapidity of onset of action and reduction in HBI ( Figure 2 , Table S2 ). Rates of anti-drug antibody formation were comparable between the low (n = 9/226, 3.98%), intermediate (n = 20/414, 4.83%) and high (n = 4/174, 2.30%) probability of response groups.
There was no catch-up in HBI reductions in the low-probability group compared with the intermediate, or the intermediate compared with the high-probability group, and significant differences in HBI reductions from baseline remained at week 52. No significant differences between the probability groups were observed for concomitant use of steroids or immunomodulators. of therapy than those in the low-probability group (P = 0.045) ( Figure 3C ). 
| GETAID Cohort
| Response to dose optimisation or interval shortening for lack of response
| Endoscopic remission and progression to surgery
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Week (Figure 4 ).
After adjusting for disease duration >2 years, ileal disease location history, age >60 years, prior CD-related hospitalisation, and smoking status, the adjusted HR (aHR) for high-vs low-or intermediate-probability groups remained significant for stratification of achieving endoscopic remission (aHR 2.06, 95% CI 1.33-3.21) and risk of surgery while on VDZ (aHR 0.50, 95% CI 0.26-0.95). The intermediate-probability group was significantly more likely to achieve endoscopic remission (aHR 2.47, 95% CI 1.26-4.87) vs the low-probability group; however, no significant difference was observed in risk of surgery between these two groups (aHR 0.86, 95% CI 0.51-1.47).
| D ISCUSS I ON
Although the introduction of biologic therapy has greatly improved the management of CD, fewer than one-third of patients treated with a TNF antagonist, VDZ, or ustekinumab achieve corticosteroid-free clinical remission 1 year following initiation of therapy. The reasons for this unsatisfactory circumstance are complex and include disease heterogeneity, delayed initiation of therapy, drug sensitisation, development of disease-related complications and adverse effects of medical therapy. However, irrespective of specific causes, low efficacy rates translate into poor incremental cost-effectiveness estimates and reluctance by payers to fund these therapies. One of the fundamental concepts of personalised medicine is identification of patients who are more likely to respond to a specific therapy.
Accordingly, we previously developed and validated a CDST for predicting response to VDZ therapy in CD. In the current study, we extend the clinical utility of this CDST through several additional analyses and an international collaboration between the VICTORY consortium and GETAID investigators, which also benefited from access to the phase 3 GEMINI trial data.
In the GEMINI 2 trial dataset, the CDST-defined response categories predicted highly significant differences in measured VDZ exposure throughout the 52-week study, and this was observed irrespective of whether VDZ exposure was measured at trough (pre-dose), peak (2-hour post-dose) or midway between infusions.
Most notably, the measured week 6 trough VDZ concentrations in the CDST-defined low-and high-probability response groups from the GEMINI 2 cohort had non-overlapping interquartile ranges, with a twofold higher median concentration being observed in the high-probability group. In the GEMINI 2 trial dataset, we also observed that the CDST-defined response categories predicted highly significant differences in rapidity of onset of action and absolute reductions in HBI throughout the 52-week study. Specifically, throughout the first 14 weeks of VDZ treatment, the high-probability response group had at least a twofold increased reduction in HBI from baseline compared with the low-probability response group (P < 0.001). Together these observations demonstrate a relationship between CDST-defined probability groups, VDZ exposure, and rapidity of onset of action and an ability to identify patients undergoing VDZ therapy who will have low drug exposure and slower onset of action, and therefore may benefit from early dose intensification.
In the VICTORY and GETAID cohorts, we observed the CDST to predict differences in VDZ response comprising both rapidity of onset of action and overall effectiveness as defined by both symptomatic and endoscopic remission rates. In the VICTORY cohort, rates of endoscopic remission were significantly different between probability groups as defined by the CDST, and this predicted difference between CDST-defined response groups remained significant even after accounting for factors known to influence disease outcomes. In the GETAID cohort, rates of clinical remission at week 14 were significantly different between the CDST-defined low-and intermediate-or high-probability groups, and we observed significant differences in rapidity of onset of action between these groups as measured by reductions in HBI through 14 weeks of therapy.
Using the GETAID cohort, we expanded on our observations from the GEMINI 2 cohort by observing that these differences in onset of action between the CDST-defined low and intermediate or high Another important finding of the study was that the CDST seemed to effectively predict "hard endpoints" such as endoscopic remission and CD-related surgery. Although other tools have been developed to prognosticate overall risk of complications among CD patients to help guide patient discussions for starting biologics, 18, 19 it is difficult to know who remains at risk for disease-related complications after biologic initiation. 20 a significant difference in endoscopic remission rates between the low and intermediate CDST groups, no significant difference was observed for risk of surgery between these groups.
Our study has several strengths, including the multinational validation in mixed practice settings and extension of CDST predictions to VDZ exposure, onset of action, response to interval shortening and risk of surgery. Several limitations, however, require acknowledgment. Post hoc analyses of clinical trial datasets have inherent limitations that prevent definitive conclusions, and real-world data have inherent limitations in collection methods and consistency of assessments that may have biased the results. No specific or consistent timing was applied for the assessment of response to interval shortening in the VICTORY consortium, and the physician global assessment was used, which carries a risk for misclassification.
The GETAID cohort was an early, treatment-refractory population, and only a subset had all necessary data to calculate the CDST.
Therefore, the analyses were limited to a subset of patients, which could still introduce a selection bias, and significance in comparisons was not observed beyond week 14. Further analyses are likely therefore still needed to fully capture the validity of this CDST to assist in treatment optimisation, particularly with regard to the use of a week 10 dose for optimisation. Accordingly, well-designed phase 3 trials focusing on optimisation of disease outcomes and treatment response for VDZ using the CDST as an enrichment or stratification tool could help overcome the current gap in personalised medicine for inflammatory bowel disease.
In conclusion, the previously built CDST for VDZ in CD appears to be valid across multiple cohorts and has significant prognostic and predictive capacity to guide therapeutic decisions in routine practice. Patients deemed low probability for response to VDZ may potentially benefit from a week 10 dose to optimise drug exposure and rapidity of onset of action. When implementing aggressive treatto-target monitoring strategies, low-or intermediate-probability patients may benefit most from this strategy, and healthcare systems may consider stratified follow-up intervals based on probability of response. Finally, among high-probability patients, we observed rapid onset of action and high drug concentrations. If these patients fail to respond to VDZ, it may be related to an immunologic or genetic mechanism, and further studies are needed to help identify additive biomarkers to further optimise the predictive capacity of the CDST for VDZ.
